ABSTRACT
NOMENCLATURE
Coefficient for Taylor's life equation Allowable depth of cut for a cutting pass (mm) Total depth of cut (mm) , Maximum and minimum depth of cut (mm) 
INTRODUCTION
Machining plays an important role in the manufacturing processes that can be applied to the forming and shaping of raw materials into industrial products. The ultimate objective of a machining operation is to produce parts which meet all the required specifications in the minimum possible time or at the lowest possible cost [1] . While the undesired vibrations and large deformations are always troublesome problems in machining processes, which damage surface finish, reduce productivity, and shorten tool life.
In general, the following techniques or methods are widely used to ensure the quality of the production, that is, machining process monitoring and control techniques [2, 3] and performance prediction and optimization techniques [4, 5] . In the aspect of machining process monitoring and control, oriented towards multisensor data fusion, advanced signal processing techniques, and effective process control schemes, significant research efforts have been made on the development of online machining process monitoring and control systems. In the aspect of machining process prediction and optimization, soft computing tools, such as neural networks, fuzzy sets, the genetic algorithm (GA), simulated annealing, ant colony optimization, particle swarm optimization as well as conventional mathematical programming methods, are used for predicting and optimizing the performance of the machining processes.
In the authors' earlier work [6] , an online prototype system including two independent modules of chatter stability prediction and monitoring for industrial applications was developed. The stability charts that can give the boundary between stable and unstable regions with respect to the spindle speed and width or depth of cut are evaluated analytically. In another our work [7] , the dynamic behavior of a slender shaft in turning process was investigated, and the influence of the length-to-diameter ( / ) ratio of workpiece, cutting parameters, as well as fixturing conditions to the dynamics was discussed respectively. Based on the results of these two previous researches, the goal of this paper is to optimize the machining parameters to control the vibration and deformation at the lowest cost. Researchers have generally used mathematical programming techniques and probabilistic methods mentioned above to optimize the machining conditions to satisfy an economic objective with practical machining constraints [4, 5, [8] [9] [10] [11] [12] [13] [14] [15] . Usually adopted economic criteria are the minimum production time, the minimum production cost, and the maximum profit rate. In this paper, the minimum production time criterion is chosen as the objective.
As one future direction was pointed out in [5] , incorporating the time as a variable in prediction and optimization needs to be addressed in machining processes. This is similar to the conclusion in [6, 7] that the tool-work cutting model is a time-variant dynamic system essentially. To the best of the authors' knowledge, the restrictive conditions on the decision variables, such as the bounds of the cutting parameters and the maximum cutting force, are generally defined as invariants without considering the time-variant property of the tool-work cutting system in references. In some cases, the constant constraints may not guarantee to apply to all cutting passes. It is noted that objective function in [9] [10] [11] is related to the workpiece diameter, which gradually becomes decreased as the machining process goes. However, a constant diameter was adopted in the objective function and for the calculation of the optimal machining parameters in [9] [10] [11] . In addition, few research works have considered the sequence issue of the cutting passes. From a mathematical point of view, the subdivision of the total depth of cut is a permutation problem rather than a combination problem. This is because the job diameter before a cutting pass is dependent on the conducted depth(s) of cut in the previous pass(es).
In multipass turning processes, specific machining parameters should be decided for each cutting pass. Dynamic programming (DP) is a suitable technique for solving problems in which decisions are to be made in multiple stages [16] . Sonmez et al. [17] adopted a DP technique to obtain the number of machining passes and determined the optimal machining parameters by the geometric programming in milling processes. It is should be noted that the sequence of milling passes generally has no effect on the economic objective values since the cutting mechanism of milling operations differs from that of turning operations. In this paper, we present a method for determining the optimal cutting speed, feedrate, and the number and sequence of cutting passes in turning processes. The chatter-free condition and the influencing factors of the deformation of the workpiece are considered in the constraints of the optimization problem. The minimization of the production time per component is obtained in two phases. The first phase is to achieve the minimum production time per cutting pass corresponding to all feasible job diameters for various equally-spaced fixed depths of cut. A hybrid solver of combining GA and sequential quadratic programming (SQP) is carried out to accomplish this step. In the second phase, a DP procedure quite different from the one used in [17] is proposed to ascertain the optimal combination and sequence of the assigned depths of cut for each pass, the number of cutting passes, as well as the minimization of the production time per unit piece. Examples solved with the entire methodology have been demonstrated. The discussions and conclusions are given afterwards.
PROBLEM FORMULATION
In this section, the mathematical model for optimization problem in turning has been derived. First the objective function is given and then the machining constraints are discussed.
Objective Function
Consider a workpiece with the length and the initial diameter 0 is to be machined to be a rod with the diameter 1 after multipass turning processes. Rough machining is only considered in this study. As mentioned earlier, the minimization of the unit production time is chosen as the objective function. The production time per unit piece is composed of two items:
where is the number of total roughing passes, is the production time for a single roughing pass, and is the loading and unloading job time.
For an individual roughing pass the production time can be expressed as,
where is the rod diameter at the beginning of a pass, is the cutting speed, is the feedrate, is the time for tool replacement, is the tool life for rough machining, and is the tool setting time per pass.
The tool life is estimated by Taylor's tool life equation as,
where is the depth of cut, , , , are constants.
Constraints
In the formulated optimization problem, the decision variables are sequential subdivisions of the depth of cut , cutting speed , feedrate , and the number of cutting passes . These variables are imposed by the constraints as below.
Piecewise Constraints
Assume that the workpiece is the only flexible part with respect to the tool and the frame of the machine tool. In reference [6] , the stability curves with respect to the spindle speed and the depth of cut plot the boundary between stable and unstable region. Generally above these curves is the stable cutting region, below them is the chatter region. With the job diameter decreased or the / ratio of the job increased, the maximum depth of cut for stable cutting is reduced. It implies that the larger depth of cut for the last cutting passes could cause chatter vibrations more easily. In reference [7] , the response of the workpiece is directly proportional to the cutting force and the biquadratic of the / ratio, respectively. Based on handbook recommendations or the empirical experience, Hinduja et al. [8] defined smaller bounds of depth of cut and feedrate in the last cutting pass, that is, finishing pass, than those adopted in roughing passes. Thus, considering these conclusions comprehensively, we explore piecewise constraints for the depth of cut and the cutting force according to the / ratio of the workpiece. In other words, when the rod diameter is reduced to a critical value, the smaller depth of cut and cutting force are required to avoid chatter vibrations and large deformations. From a practical point of view, the piecewise or dynamic constraints are more reasonable comparing with the constant limiting conditions in references.
The tangential cutting force is modeled using the empirical equation as, =
where , , and are coefficient constants which can be determined experimentally.
where is the / ratio and is a defined critical value of .
Other Machining Constraints
Tool life constraint:
Machine power constraint:
Cutting speed and feedrate bounds:
Geometric relation:
Variable type:
is an integer.
The meanings of the variables are as outlined in the Nomenclature section.
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PROPOSED METHOD
In multipass turning processes, decisions on what cutting parameters should be employed have to be made at different cutting pass. The DP technique, making use of the concept of suboptimization and the principle of optimality in solving the problem, is well suited for the optimization of multistage decision problems. The DP technique breaks down the original optimization problem into subproblems that also exhibit optimal properties and then solves these subproblems recursively. Bellman's principle of optimality describes the phenomenon which enables problems to be viewed as a sequence of simpler problems. The principle goes as: an optimal policy (or a set of decisions) has the property that whatever the initial state and initial decision are, the remaining decisions must constitute an optimal policy with regard to the state resulting from the initial decision [16, 18] . It is worth pointing out that the modifier "dynamic" of dynamic programming mentioned in reference [9] could be different from the one in this paper.
Since the job diameter in the objective function is a variant related to the previous adopted depths of cut, hence it is difficult to treat the decision variable of depth of cut as a continuous state variable in DP solving which often yields nonlinear partial differential equations to solve [16, 18] . Therefore, we preset the values of depth of cut for a single cutting pass are allowed only from a finite and discrete set in this study. Furthermore, these allowable values are equallyspaced. This definition leads to a rather distinguishing procedure in DP technique from that in [17] , and may be more simplified and comprehensible. For convenience of interpretation, the allowable depths of cut are supposed to be consecutive integers in this section.
Let us first formalize the problem by assuming that each machining pass with an allowable depth of cut has an optimal production time . If the optimal solution of a total depth of cut is divided into steps 1 , 2 , … , such that = 1 + 2 + ⋯ + , then the minimization of the production time for the total depth is = + + ⋯ + (11) Suppose that the optimal solution makes the first optimal cut to be depth with a return of , then the optimal solution consists of an optimal solution to the remaining depth − with a return of − , plus the first depth of cut . Hence the optimal production time can be obtained in terms of either the production time of the entire depth for only a cutting pass or the sum of two smaller depths of cut and − . It is written in recursive equation as follows,
On the basis of the principle of optimality, one could temporarily "forget" how the optimal production time for depth of and − for depth of − were arrived at or how the depths of and − were divided exactly as Eq. (11) gives. It is sufficient to know that the returns are and − , respectively. The subproblems can be solved in a bottomup or top-down fashion to find the optimal value of the original problem. Backward tracking is finally to identify the optimal sequential allocation of depth of cut.
By now, the succeeding problem is to calculate the aforementioned optimal production time for an individual pass. By recalling Eq. (2), the determination of , an optimization problem, can be rewritten as,
Minimize
Subject to: constraints (6) ~ (9) It is apparent that the problem belongs to constrained nonlinear optimization, where SQP is one of the most effective methods to be used [19] . SQP methods are iterative methods which solve a quadratic programming problem at each iteration. An iterative procedure usually requires an initial guess value and the convergence to an optimal solution depends on the initial value [19] . A hybrid solver herein is proposed. We run a GA for global optimization for a small number of generations to produce a near global optimum point. Then the solution obtained from GA is used as an initial value for SQP that is more effective and faster for a local search. This treatment resembles the one used in [12] , by which better solutions were achieved by comparison with the results in [9] [10] [11] .
GAs are search algorithms inspired by the mechanics of natural selection and natural genetics [20] . In a GA, a potential solution to a specific problem is encoded on a simple chromosome-like data structure and a fitness or objective function is defined to evaluate these individual chromosomes. A collection of chromosomes or strings is called a population and the population at a given time is a generation. The GA proceeds to initialize a population of solutions randomly and then to improve it through repetitive application of the operators of reproduction, crossover, mutation and immigration. Usually the process is repeated for a desired number of generations up to a point where the system converges to a satisfactory fitness level.
In summary, the optimal machining parameters in turning are obtained in two phases. First a hybrid solver of the combination of a GA and SQP is employed to achieve the optimal production time for an individual cutting pass and the corresponding cutting speed and feedrate. And then a DP technique is designed to acquire the minimization of the production time per component and the number and sequence of cutting passes.
EXAMPLE AND RESULT
An example is considered to illustrate the proposed method. The data used for the example are given in Table 1 , which are mainly referred to [9] . The allowable values of depth of cut distribute in the set with equal interval as follows, ∈ [0.5, 1, 1.5, 2, 2.5, 3] 
Phase 1
In this phase, the optimal production time for an individual machining pass is separately determined and tabulated for various depths of cut in terms of all possible work diameters occurring during machining. A hybrid solver of the combination of a GA and SQP is employed for this purpose.
The diameter of the rod is time-variant during turning process, so the matching relation of the rod diameter and depth of cut should be 2-dimensional. This is distinct from the one in [10] . Since both the smallest depth of cut and the common difference of the allowed values are 0.5 mm and the total depth to be removed is 5 mm, thus all possible diameters locate at the range from 27 mm to 18 mm at interval 1 mm.
In this paper, starting with a stochastic population and the initial population size of 50, the GA is run at most up to 150 generations until one of the terminating conditions is satisfied. A feasible point is found if there is improvement in the fitness value less than 10 -6 for 50 consecutive generations, then this solution as an initial estimate is input to a SQP algorithm for more efficient search computation. The results of the optimal production time per a single cutting pass ( , ) are shown in Table 2 , in which implies th initial rod diameter, = 1,2, … 10; implies correspondence to jth allowable depth of cut, = 1,2, … 6. Note that the corresponding optimal cutting speed * and feedrate * are also obtained in this phase. In Table 2 , the symbol of / indicates there is no feasible point found in that the corresponding practical constraints are violated. Since the critical / ratio is 12.5, the larger depths of cut are excluded from the candidates of the allowable depths of cut when the job diameter is reduced to less than 24 mm. From Table 2 , it can be proved that the sequence of cutting passes usually affects the value of the objective function in turning process. To this example, if the sequence of depths of cut, first 2.5 mm then 1 mm and finally 1.5 mm, is used, the production time without the loading and unloading job time is (1,5) + (6,2) + (8,3) , that is, 2.6639 min. Reversing the first two depths of cut, we can get the result is (1,2) + (3,5) + (8,3) equal to 2.6218 min. Whereas the policy exchanging the first depth of cut with the last one is completely infeasible. The reason has been explained above.
While the given optimization problem can almost be solved by simply enumerating all possible combinations of the solutions in Table 2 and examining which one is the best. However this process always causes huge calculation and hence is not feasible. A more procedural approach to reduce the computation is given in the following phase.
Phase 2
In this phase, the minimization of the production time per unit piece, the optimal combination and sequence of the assigned depths of cut for each pass, and the number of cutting passes are determined by a DP technique. By recalling the recursive formula (12) , it can be seen that the subproblems are overlapping. Here a bottom-up fashion is chosen, which has been proved efficient in computing. We solve the problem starting from smaller total stock subproblems and store the corresponding depth division information. These solutions are then used for achieving the solutions to the bigger total depths of cut.
To achieve the solution to the given total stock of 5 mm in this example, the smaller total depths of cut, ranging from 0.5 mm to 4.5 mm at interval of the common difference of 0.5 mm, should be obtained in succession firstly. Table 3 gives the optimal production time per unit piece ( , ) without , in which implies the correspondence to th total depth of cut, = 1,2, … 10;
is the same as above. The value of 2.4953 min in bold is the optimal production time without for this example. After adding equal to 0.75 min, the optimal production time per piece * equals 3.2453 min.
The assignment information of the total depth of cut is shown in Table 4 , in which ( , ) means no further subdivision took place, that is, ( , ) = ( , ). For the given optimization problem, the subdivision information corresponding to the combination of the initial diameter 27 mm and the total stock 5 mm reads as (1,3) + (4,7) , representing first the depth of cut 1.5 mm should be cut and then 3.5 mm. Since (1,3) is equal to (1,3) , so the pass with the depth of cut 1.5 mm will be regarded as a member of the optimal cutting passes. But the depth of 3.5 mm obviously
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Copyright © 2012 by ASME needs to be further divided. By the use of backward tracking, the subdivision information on (4,7) gives (4,6) + (10,1), representing the depth of cut 3 mm should be cut first and then 0.5 mm. It is observed that both of the two smaller depths of cut are not required further division. So far, three depths of cut in bold in Table 4 are found and the tracking process ends. Finally, the optimal sequence of the cutting passes can be determined by sorting the related job diameter in descending order. Accordingly, the optimal number of passes is 3. The optimal assignment is that the depths of cut for the first two roughing passes are 1.5 mm and 3 mm, respectively. The depth of cut for finishing pass is 0.5 mm.
In brief, the solution to the original problem is summarized in Table 5 .
DISCUSSIONS AND CONCLUSIONS
As interpreted above, following a hybrid solver for acquiring the minimum production time for an individual cutting pass, a DP technique in bottom-up recursion is carried out to optimize the allocation of the total stock. To solve the given problem, we start from solving the subproblems of smaller total depths of cut and then use their solutions to generate solutions to bigger subproblems iteratively. It implies 
Copyright © 2012 by ASME an inclusion relation between the solutions to the bigger total stock problems and those to the smaller total stock problems. In other words, once the solutions to the given (biggest) total depth of cut have achieved, then the solutions to the smaller ones, if necessary, have also been known. For example, a rod with an initial diameter of 27 mm and is supposed to be removed total stock of metal of 4mm. Through looking up Tables 2-4 , we can get that two cutting passes, one with depth of cut 1.5 mm and the other with 2.5 mm, are required. The minimum production time is 1.7288 plus 0.75, that is, 2.4788 min.
From Table 5 , the feedrate in the last cutting pass is equal to the maximum feedrate, which is seemingly contrary to the practical experience that smaller feedrate should be utilized in the last cutting pass. This is because surface roughness constraint is not considered in this study. Our main goal here is to suppress the chatter vibration and large deformation of the workpiece.
In this paper, we introduce a hybrid method for optimizing the machining parameters to suppress the chatter vibrations and deformations of the workpiece and minimize the production time per component in turning process. The mathematical model is formulated, in which the depth of cut for chatter-free cutting and the cutting force condition for resisting large deflection of the workpiece are considered according to the varying / ratio in machining process. The optimization problem is solved in two phases. The first phase is to achieve the minimum production time per cutting pass corresponding to all feasible work diameters for various equally-spaced fixed depths of cut by the use of the combination of GA and SQP techniques. In the second phase, a DP technique is proposed to ascertain the optimal combination and sequence of the assigned depths of cut for each pass, the number of cutting passes, as well as the minimization of the production time per component. Through an example, the procedure is demonstrated in detail. The inclusion relation between the solutions to the bigger total stock problems and those to the smaller total stock problems is discussed. The proposed method in this study still holds to other machining processes.
Future plans include updating this proposed method for slender workpiece machining optimization with considering finishing operation, and integrating this DP algorithm as a module into the external reconfigurable-integrated monitoring and diagnostic prototype system for Computer Numerical Control machine tools [6] .
ACKNOWLEDGMENTS
This work has been supported in part by the National Key 
